1 



LaA * copy., raru m _ 
(WL0L ) 

KIR'EE^d APB, H MEX 


PHOSPHORUS DIFFUSION CONDITIONS 
FOR SHALLOW-JUNCTION SOLAR CELLS 


by Harold E. Kautz 

Lewis Research Center 
Cleveland, Ohio 


NATIONAL AERONAUTICS AND SPACE ADMINISTRATION - WASHINGTON, D. C. • JANUARY 1970 


I 


I 


1 


TECH LIBRARY KAFB, NM 



TECH LIBRARY KAFB, NM 



□132371 


1. Report No. 2. Government Accession No. 

NASA TN D-5629 

3. Recipient’s Catalog No. 

4. Title and Subtitle 

PHOSPHORUS DIFFUSION CONDITIONS FOR 
SHALLOW- JUNCTION SOLAR CELLS 

5. Report Date 

January 1970 

6. Performing Organization Code 

7. Author( s) 

Harold E. Kautz 

8. Performing Organization Report No. 

E-5341 

9. Performing Organization Name and Address 

Lewis Research Center 

National Aeronautics and Space Administration 
Cleveland, Ohio 44135 

10. Work Unit No. 

120-33 

1 1 . Contract or Grant No. 

13. Type of Report and Period Covered 

Technical Note 

12. Sponsoring Agency Name and Address 

National Aeronautics and Space Administration 
Washington, D.C. 20546 

14. Sponsoring Agency Code 

^S. Supplementary Notes 


16. Abstract 

Response to 0.4-jiim light and fill factor of shallow- junction n-on-p silicon solar cells 
was measured. Diffusion time, temperature, phosphorus source, and carrier gas were 
varied. The 0.4-/im response increased with decreasing junction depth measured in 

a 

terms of sheet conductance. For a sheet conductance less than 5x10 square/ohm, 
0.4-jum response and fill factor degraded with increased reverse leakage. The sources 
PgOg and POClg yielded more reproducible results than did elemental phosphorus. The 
P 2^5 results were superior to POCl^ results at 800° C but were equivalent up to 1000° C. 
Oxygen, nitrogen, and forming gas carriers yielded essentially equivalent results with 
constant sheet conductance. 


17. Key Words (Suggested by Author(s)) 


18. Distribution Statement 


Solar cell 

Phosphorus diffusion 

Unclassified 

- unlimited 


19. Security Classif. (of this report) 

Unclassified 

20. Security Classif. (of this page) 

Unclassified 

21. No. of Pages 

24 

22. Price* 

$3.00 


*For sale by the Clearinghouse for Federal Scientific and Technical Information 

Springfield, Virginia 22151 



PHOSPHORUS DIFFUSION CONDITIONS FOR SHALLOW -JUNCTION SOLAR CELLS 

by Harold E. Kautz 
Lewis Research Center 


SUMMARY 

Phosphorus diffusion conditions for the fabrication of shallow-junction n-on-p silicon 
solar cells were studied. Variables examined included the time and temperature of dif- 
fusion as well as the phosphorus source material and carrier gas employed in the open- 
tube diffusion method. Sheet conductance on diffused wafers, as well as fill factor, re- 
verse diode leakage, and short-circuit current response to 0. 4-micrometer radiation of 
fabricated solar cells were measured. The 0. 4-micrometer current response increased 
with conditions for decreasing junction depth, as evidenced by sheet conductance for all 
diffusion temperatures in the range 800° to 1000° C. However, for a sheet conductance 
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less than about 5x10 square/ohm, both 0. 4-micrometer response and fill factor were 
degraded because of increasing reverse diode leakage. The phosphorus sources phos- 
phorus pentoxide (P 2 Og) and phosphorus oxychloride (POClg) yielded more reproducible 
results than those of elemental phosphorus in terms of sheet conductance. Phosphorus 
sources P 9 Or and POCl„ produced solar cells of essentially the same characteristics 

" W Q Q 

for diffusion temperatures above 800 C. At 800 C, the 0.4-micrometer response and 
fill factor of POClg cells were somewhat lower than those of PgOg cells. 

Cells fabricated from diffusions employing oxygen as the carrier gas had lower 
sheet conductance than those fabricated with nitrogen or forming gas (6 percent hydrogen, 
94 percent nitrogen) when all other variables were held constant. The 0. 4-micrometer 
response of cells was independent of the carrier gas employed as measured at a con- 
stant sheet conductance. 


INTRODUCTION 

Present day silicon solar cells are fabricated with a phosphorus-diffused n-type 
layer on a p-type (usually 10 ohm-cm); boron-doped, single-crystal base material. 



This n-on-p solar cell is a more favorable design in terms of radiation damage stability 
than the p-on-n alternative (refs. 1 and 2). 

One approach to optimizing silicon solar cell efficiency is to maximize the current 
collected due to light actually absorbed in the cell. This current collection efficiency is 
affected by various diffusion conditions associated with producing the p-n junction within 
the cell. When the conditions are varied to produce shallower junctions, the solar cell 
response to the blue end of the visible spectrum is enhanced (ref. 3). Asa result, the 
solar cells have greater stability to radiation damage. The blue wavelength range of 
light is absorbed very close to the illuminated surface. For example, over 95 percent 
of the 0. 4-micrometer light is absorbed within 3 micrometers of the surface. Since the 
most extreme radiation damage experienced by cells in outer space degrades minority 
carrier diffusion length to a value not less than 10 micrometers, the blue light generated 
current collected from the n-region is essentially unaffected by radiation damage. 

If the diffused junction is too shallow, however, one can expect to obtain high re- 
verse leakage. This leakage results from poor junction formation and leads to degraded 
current output. Shallow junctions can also lead to low values of n-layer sheet conduct- 
ance, which may cause excessive resistive losses. 

These considerations imply the existance of optimum conditions in the diffusion 
process employed in forming the junction. The optimum condition may, however, vary 
with the application for which the cells are intended. High radiation environments would 
require the stability of high blue wavelength responses. In an environment where radi- 
ation is not a problem, the designer may wish to sacrifice blue wavelength response if 
other cell characteristics are thereby made more favorable. 

On the basis of these considerations, it appears worthwhile to study more closely 
the dependence of solar cell characteristics on diffusion conditions. 

In the present study, the conditions investigated were those associated with the 
open-tube method of diffusing phosphorus into silicon. They include the time, tempera- 
ture, phosphorus source, and carrier gas employed to carry the phosphorus to the sur- 
face of the silicon slices. The effect of these parameters is measured in terms of the 
photovoltaic response of completed silicon solar cells. In all cases, the diffusion con- 
ditions are intended to produce saturated concentrations of phosphorus at the silicon 
surface. 
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THEORY 

Spectral Response 

The generation of excess minority carriers in a solar cell exposed to monochro- 



matic light depends on the intensity of the light absorbed in the cell. The flux of photons 
R a distance X into the cell is 


R = Roe 


-aX 


( 1 ) 


where a is the absorption coefficient at the given wavelength. The rate of absorption is 


-dR 


= a Roe 


-aX 


dX 


( 2 ) 


If the junction depth is Xj and the distance to the back of the cell is Xg, the total 
light absorbed in the cell R^ is 


n i n b 

R^, = / — dX + / — dX 

1 / dX / dX 

Jo Jx. 


( 3 ) 


Therefore, 


aX \ / -aX. -aX 


Rrp = Roll - e ^J + Role - 


B\ 


( 4 ) 


The first term represents absorption in the diffused layer, and the second term repre- 
sents absorption in the bulk region. Present day silicon solar cells have dimensions 
such that 


Xg « 10" 1 cm 
Xj < 10 -4 cm 

For long wavelength radiation (red light), the absorption coefficient is (ref. 4) 

1A 2 -1 

a « 10 cm 
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This implies that 



1 


Therefore, the long wavelength light absorption is entirely in the bulk region, and its 
magnitude will be independent of the junction depth. 

For short wavelength radiation (blue light), the absorption coefficient is (ref. 4) 

4 -1 

a « 10 cm 


and 



0 


Equation (4) for blue light then reduces to 


Rtp 


= Ro 1 - 



-«X| 

Roe J 


(5) 


If the quantum efficiency is assumed to be 1, the rate of minority carrier generatibn 
will equal the rate of photon absorption of equation (5). The current I generated by 
the short wavelength radiation is thus 


I 


a 




+ I B e 


' aX j 


( 6 ) 


The short-circuit current produced by a solar cell depends on the rate of generation 
of minority carriers and the collection efficiency of the two regions of the cell. The 
collection efficiency of the two regions depends on the minority carrier lifetimes. Life- 
times in the bulk region are assumed to be so long that no significant recombination 
occurs in comparison to collection; in the diffused region, the lifetime is assumed to 
have been degraded by phosphorus infusion to the extent that recombination far exceeds 
collection. Therefore, 


b « X B 


(7) 
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Further, since junction depths for silicon solar cells are not generally greater 
—4 

than 10 centimeter, for short wavelength radiation. 


e"" X j > e -< 1()4 )( 10 " 4 ) = I 

e 


( 8 ) 


As a consequence of equations (7) and (8), the dependence of short wavelength re- 
sponse on junction depth can be approximated as 


1 <») 

Diffusion 

If the diffusion conditions achieve a saturated concentration of phosphorus at the sil- 
icon surface, the phosphorus concentration C(X) at a depth X is (ref. 5) 

C (X) = C (0) er f c X (1 0) 

2 V^Dt 

where D is the diffusion coefficient, t is the time of diffusion, and C(0) is the phos- 
phorus concentration at the surface. This profile is presented in figure 1 along with a 



Figure 1. - Phosphorus diffusion profile. 
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compensating uniform concentration, C(bulk), of p-type dopant. At room temperature, 
the majority type of dopant atoms can be considered completely ionized except near the 
point of exact compensation. Here, both types of charge carriers have such low concen- 
trations that a junction may be defined where 

C(X) = C(bulk) = C(X.) 

The sheet conductance a of the diffused layer is the integral of the electrical con- 

s 

ductivity from the surface to the junction: 

- P + <“> 

* / 0 


where 

q unit electric charge of a carrier 

H mobility of electrons 

N concentration of electrons 

n 

mobility of holes 

N concentration of holes 

^ 15 

For 10-ohm-centimeter p-type silicon, C(bulk) < 10 atoms per cubic centimeter 

(ref. 6). For diffusion temperatures of 800° C and above, the average n- layer phospho- 

19 

rus concentration is in excess of 5x10 atoms per cubic centimeter (ref. 7). Under 
these conditions, the compensating effect of the p-type dopant is not significant over 
most of the diffused layer. Therefore, 

N n « C(X) » N p (12) 

The region near the junction where this relation breaks down contributes insignificantly 
to the integral of equation (11). It is further noted that ju n > M p throughout this region 
(ref. 6). Therefore, 


u„N = 

^n n 


M n C(X) » m p n p 


(13) 
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and equation (1 1) can be written in good approximation as 


CT s = <!M n CCX)dX (14) 

•'O 

Since is constant for concentrations above 6x10^ atoms per cubic centimeter 
(ref. 8), equation (14) can be further simplified to 


O' 


s 



C(X)dX 


When equations (10) and (15) are combined, 


o 


s 



C(0)erfc /----\ dX 

\2\/Dt/ 


(15) 


(16) 


With the substitution 


t = 


X 

2 V5t 


equation (16) becomes 


a s = c lM n C(0)2 



Xj/2 \^t 


erfc(|)d£ 


(17) 


This integral is a function only of Xj/2 yDt. In order to show that this, in turn, is only 
a function of diffusion temperature, write equation (10) for X = Xj as 

/ X. \ C(X.) 

erfc/ — 1 — \ = — (18) 

\?Vw/ c(0) 

where C(Xj) is a constant and depends only on C(bulk). However, C(0), the surface 
saturation concentration, depends on the temperature of the diffusion. Since 
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X. 

erfc i- 


2V^Dt 


= function of temperature 


(19) 


its argument, Xj/2 \/Dt, is also a function only of temperature. 

a s = A(T) \/t 

From the foregoing, it is also seen that 

VT = (function of T)Xj 

Equation (20) can alternatively be written as 

a g = A'(T)X. 


Equation (17) reduces to 
( 20 ) 

( 21 ) 

( 22 ) 


Relation of Spectral Response to Diffusion Conditions 


Equation (9) indicates that the blue response of silicon solar cells is dependent on 
the depth of the diffused junction. Equation (22) indicates that the sheet conductance of 
the diffused layer is proportional to the junction depth. A combination of these two equa- 
tions gives the relation between blue response and sheet conductance as 


-[of/A'(T)]a s 

a ~ L B e 


(23) 


At a constant diffusion temperature, log 1^ will be a linear function of sheet con- 
ductance and will increase as the sheet conductance decreases. Deviations from equa- 
tion (23) can be expected at the limit of very shallow junctions as evidenced by low sheet 
conductance where surface effects, high internal resistance, and poor junction formation 
become important. In particular, poor junction formation can result in high reverse 
leakage. The leakage effect is expected to be a random phenomenon, but the probability 
of a serious leakage path existing between the bulk region and the n- layer contacts on any 
given cell would be greater with shallower junction depths. Therefore, in terms of a 
production process for fabricating extremely shallow-junction cells, one would expect to 
obtain lower yields of acceptable solar cells. 
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EXPERIMENT 


The dependence of the solar cell performance on diffusion temperature is expected 
to be affected by the solubility and diffusivity of phosphorus in silicon. The diffusivity 
is by far the stronger function of temperature (refs. 6, 8, and 9). The diffusion coeffi- 
cient always enters the equations multiplying the diffusion time. For this reason, time 
and temperature effects were studied in the same experiments. Diffusion temperatures 
of 800° to 1000° C were employed, 800° C being approximately the threshhold of effec- 
tive diffusion of phosphorus in silicon. Examining the properties of extremely shallow 
junctions necessitated employing a range of diffusion times that extended to the shortest 
possible intervals, which, in the present experiment, were 1 minute. 

The sources employed included PgO^, POClg, and elemental phosphorus. The com- 
pound PgOg is widely used in this type of work. Because of its ease in handling, POClg 
has recently gained wider use in solar cell fabrication work. Elemental phosphorus was 
included to provide a comparison of oxidized phosphorus to unoxidized phosphorus as a 
source material. 

The three carrier gases, oxygen, nitrogen, and forming gas, were used and served 
as an oxidizing, an inert, and a reducing atmosphere, respectively. Forming gas is a 
mixture of 6 percent hydrogen and 94 percent nitrogen. 

In the present investigation, all the solar cells were fabricated from boron-doped 
silicon single crystals grown at the NASA Lewis Research Center by the crucible 
method. Only 10-ohm-centimeter silicon crystals were used. These crystals were cut 
into wafers 1 by 2 centimeters. Prior to diffusion, the wafers were treated in a three- 
step process: (1) the surfaces were degreased in a series of organic solvents; (2) they 
were etched in a solution of acetic, nitric, and hydrofluoric acids which produced a 
polished surface; and (3) they were subjected to a series of rinses in hot (not boiling) 
distilled and deionized water. All chemicals employed were transistor grade. 

The diffusions were performed in a fused quartz tube heated by a two-temperature 
zone furnace. Silicon wafers were introduced into the heated tube on a slotted fused 
quartz boat and were mounted vertically by means of a clean glass suction grip. The 
carrier gas was passed through a liquid-nitrogen cold trap and into the diffusion tube at 
a rate of 4 liters per minute. The wafers were introduced at the discharge end of the 
tube while the phosphorus source and carrier gas were introduced into the inlet end. 
Diffusion temperatures were measured with a Chromel-Alumel thermocouple placed in 
a sealed quartz tube attached to the diffusion boat and were held constant to within ±2° C 
during the diffusion. 

Of the three types of phosphorus sources used, only the PgOg powder employed the 
second temperature zone available in the furnace. In this case, a fused quartz boat con- 



taining was placed in a 280° C region of the furnace. At this temperature, it sub- 

limed and was carried to the wafer surfaces by the carrier gas. 

In the case of the POClg liquid, the carrier gas bubbled through the source. A sys- 
tem of stopcocks provided a source bypass without opening the system. 

Elemental phosphorus was obtained by the reduction of phosphorus trichloride (PClg) 
in forming gas. The gas bubbled through the PClg and into the diffusion furnace. Dur- 
ing the reduction, red phosphorus powder deposited onto the cold portion of the quartz 
tube. When this region was subsequently heated, the phosphorus sublimed and was 
carried to the wafer surfaces. 

The measurement of diffusion time was the most precise when POClg was employed. 
The system of stopcocks allowed startup times reproducible to within 2 seconds. The 
compound PgOg and elemental phosphorus diffusions were timed from the instant the 
source was exposed to its heating medium. No quantitative temperature data are avail- 
able for elemental phosphorus. Sublimation of the red phosphorus was visually observed 
to begin at about 15 seconds after heat was applied to the tube. Source boat temperature, 
in the case of P 0 0,-, was monitored with a thermocouple. The temperature was observed 

0 * 3 O 

to reach 270 C at the end of the first minute. A temperature of 280 C was attained 
between 4 and 5 minutes from startup. This means, of course, that PgOg diffusions for 
times less than 4 minutes never attained 280° C. It has been found, however, that a 
source temperature of 250° C is sufficiently high to attain saturation of phosphorus on 
the silicon surface. 

Source behavior was visually monitored in terms of white fumes at the exhaust end 
of the furnace. These fumes were observed for all three sources. With POClg, these 
fumes always began between 22 and 24 seconds after startup. For P 2 Og and elemental 
phosphorus, they were first observed between 30 and 45 seconds after startup. All dif- 
fusions were considered terminated when the wafers were withdrawn from the furnace 
while the sources were still active. 

Postdiffusion processing involved applying silver cerium contacts by a method de- 
veloped at Lewis. The n-layer contact geometry shown in figure 2 is required for cells 
with a high blue response and a low sheet conductance. 

All the electrical measurements were performed on completed solar cells except 
the measurement of sheet conductance. A four-point probe method (ref. 10) was used 
to measure the sheet resistance on one wafer from each diffusion. Sheet conductances 
reported are the reciprocal of this and have units of squares per ohm. The junction 
leakage was determined by measuring with an oscilloscope the dark current produced 
when the cell was under 0. 6 volt reverse bias. The blue response was measured in 
terms of the short-circuit current generated by light from the 0. 4-micrometer- 
wavelength filter of the Lewis filter wheel solar simulator (ref. 11). The calibration of 


10 


■ llll II III I I 


11 11 mu ■ 11 mu 1 



« 



Figure 2. - Contact geometry of n-layer employed in present 
investigation. 


this instrument permits calculation of outer space current produced by a 0. 05- 
micrometer bandwidth centered at 0. 4 micrometer. 

Current-voltage curves of the illuminated cells were made under a tungsten light 
source by using an X, Y-plotter. The fill factor was calculated, as a percentage, from 
these data as follows: 


Fill factor = 


(maximum power) (100) mW 

(short-circuit current) (open- circuit voltage) (mA)(V) 


No attempt was made to duplicate the exact outer space solar spectrum for this measure- 
ment. Instead, the illumination level was set to produce approximate outer space short- 
circuit current from a standard silicon solar cell. This procedure is found at this labo- 
ratory to give fill factor values equal to those obtained under the solar spectrum. 


RESULTS AND DISCUSSION 
Time and Temperature Study 

For these experiments, PgOg anc * POClg were employed as the phosphorus sources, 
and oxygen was used as the carrier gas. Data from this study are plotted in figures 
3 to 7. For clarity, these graphs are restricted to the data for 800°, 900°, and 950° C 
diffusions. Data have been obtained for 840°, 875°, 925°, and 1000° C and follow the 
same trends. 

In figure 3, the log of short-circuit current generated by the light passing the 
0. 4-micrometer solar simulator filter is plotted against the sheet conductance of the 
cell. This curve is in accordance with equation (23), which predicts a linear relation 
where the slope = -a/A' (T); A' and possibly the absorption coefficient a? for 
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Figure 4. - Reverse leakage current as function of sheet con- 
ductance. All diffusions in oxygen. 
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0. 4-micrometer light in silicon are functions of the diffusion temperature because of 
their dependence on average n-layer phosphorus concentration. The data show good 
agreement with this functional relation over most of the range of conductance values. 
Over this range, the highest blue response at a given sheet conductance is achieved at a 
diffusion temperature near 900° C. 

Below conductance values near 5x10 square per ohm, the blue response drops 
rapidly. Figure 4 show that this drop in response coincides with a rapid rise in reverse 
leakage current of the junction. There was little difference in the peak blue response 
achieved for all the temperatures, but the peak occurred at a lower conductance at a 
lower temperature. At 800° C, the peak response was lower for the POClg than for 
the PgOg. 



Figure 5. - Fill factor as function of sheet conductance. All diffusioris 
in oxygen. 
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Figure 6. - Fill factor as function of sheet conduction at 900° C. All diffusions in oxygen. 
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In figures 5 and 6, the fill factor data are presented as a function of sheet conduct- 
ance. The curves drawn through the data are reproduced for comparison in figure 7. 

At all temperatures, the fill factor decreases for low values of sheet conductance. In 
addition, the temperature dependence of these data is much more evident than for the 
blue response data of figure 3. The fill factor degradation for diffusion temperatures of 
800° and 900° C appears to coincide with the onset of high reverse leakage, as observed 
in the blue response data. However, it does not appear possible to attribute the 950° C 
fill factor degradation entirely to high reverse leakage. It can be seen in figure 5 that 


Temperature, 



Figure 7. - Comparison of curves of fill factor as function of sheet conductance at 300°, 900°, and 
950° C. Diffusions in oxygen. 


significant fill factor degradation occurs for sheet conductance values greater than 
__ ^ 

10x10 square per ohm, whereas in figure 4 no significant reverse leakage occurs for 

_3 

sheet conductance above 7x10 square per ohm. For all temperatures, the fill factor 
reaches a maximum value of 75 percent at high sheet conductance values. 

It may be concluded from these data that, when high blue response is desired to im- 

_3 

prove stability to radiation, the sheet conductance values should not exceed 10x10 
square per ohm. The lower limit on useful sheet conductance is set by the onset of high 
reverse leakage and fill factor degradation. Since fill factor degradation (for cells with 

_ O 

a sheet conductance of 10x10 square/ohm or less) is markedly greater at temperatures 
above 900° C, diffusion temperatures should be kept below 900° C. 
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Comparison of Phosphorus Sources 

The data presented in figures 3 to 6 provide comparison of PgOg and POClg at all 
temperatures in the presence of oxygen. No significant difference is observed between 
the two sources for diffusion temperatures greater than 800° C. At 800° C, however, 
the blue response and fill factor of cells fabricated with POClg seem generally lower 
than those of cells fabricated with PgOg. 

In figures 8 and 9 the quantity i s plotted as a function of the measured diffusion 
time. The data agree with equation (20) if the diffusion times are first corrected for an 
induction period t Q 


"s-AWtV 1 . < 24 > 


275X10' 6 



Figure 8. - Square of sheet conductance as function of measured 
diffusion time. All diffusions in oxygen. 
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Figure 9. - Square of sheet conductance 
as function of diffusion time. All dif- 
fusions in oxygen. 


where t is the measured diffusion time and t Q appears to be a decreasing function of 
temperature. 

Data on elemental phosphorus diffused cells are compared with the other two phos- 
phorus sources in table I. In table 1(a), sheet conductance data for 20-minute diffusion 
at 840° C, a standard solar cell fabrication diffusion condition, are compared for all 
source and carrier gas combinations. The values of sheet conductance reported as less 

_3 

than 1 . 0x10 square per ohm represent what are considered unsuccessful diffusions. 

Not enough phosphorus entered the silicon to ensure conversion to n-type over the entire 
surface. The elemental phosphorus forming gas combination produces as high a sheet 
conductance as most of the other successful combinations. 

In table 1(b), sheet conductance, fill factor, reverse leakage, and blue response for 
all elemental phosphorus diffusions that produced solar cells are presented. For com- 
parison, diffusions employing PgOg and POCl^ in oxygen as the carrier gas are also 
listed. The 840° C, 20-minute condition plus three sets of conditions for producing very 
low sheet conductance are presented. Within each shallow- junction combination, the 
elemental phosphorus diffused cells have higher leakage than cells made with the other 
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TABLE I. - COMPARISON OF ELEMENTAL PHOSPHORUS DIFFUSIONS WITH THOSE OF PgOg AND POClg 

(a) Data for standard cell diffusion 
condition of 840° C, 20 minutes 


Carrier 


Phosphorus source 

gas 

P 2°5 

POCig 

Elemental phosphorus 

Sheet conductance, 

a , squares/ohm 
s 

Forming 

18. 5x10”^ 

<1.0x1 O' 3 

11.9X10* 3 

Nitrogen 


9.6X10' 3 

<1. OxlO* 3 

Oxygen 

10. OxlO" 3 

10. OxlO* 3 



(b) Cell characteristics 


Diffusion Phosphorus source and carrier gas 


condition 1 

P 2 0 5 in oxygen POClg oxygen Elemental phosphorus in forming gas 



Sheet 

conductance, 

a s’ 

squares/ohm 

Reverse 

leakage, 

I R* 

Fill 

factor, 

percent 

0. 4-jum 
filter 
current, 
1(0.4), 
mA 

Sheet 

conductance, 

V 

squares/ohm 

Reverse 

leakage, 

I R J 

^A 

Fill 

factor, 

percent 

0. 4-jum 
filter 
current, 
1(0.4), 
mA 

Sheet 

conductance, 

ff s- 

squares/ohm 

Reverse 

leakage, 

X R’ 

mA 

Fill 

factor, 

percent 

0. 4-/im 
filter 
current, 
1(0.4), 
mA 

840° C 

10. OxlO' 3 

29 

75 

3. 35 

10. OxlO' 3 

42 

76 

3.43 

11.9X10' 3 

72 

-- 

3.10 

20 min 










61 

— 

3.14 











300 

— 

3.23 

875° C 

6. 5x10* 3 

43 

60 

3.89 


— 

--- 

— 

14. OxlO' 3 

870 

47 

2.26 

3 min 


91 

53 

3.81 


— 

— 

— 

1.7X10' 3 

81 000 

34 

1.04 










0.7X10' 3 

11 400 

31 

.86 

875° C 

11. OxlO* 3 

14 

71 

3. 54 

12. OxlO' 3 

99 

75 

3.34 

0. 8x1 0' 3 

58 000 

36 

0.25 

5 min 


8 

68 

3.48 


— 


— 

9.6X10* 3 

760 

48 

2.30 









1. OxlO" 3 

cm 

37 

1.65 

1.3X10* 3 

19 800 

26 








m 

36 

2.20 



— - 

— 







114 

53 

3.80 



— 

— 






two sources. It was decided that further elemental phosphorus experiments would not be 
fruitful because of the nonreproducibility of sheet conductance as a function of diffusion 
time and temperature. 


Comparison of Carrier Gases 

In table n, the data for the carrier gases oxygen, nitrogen, and forming gas are 
presented for diffusions at 900° C for similar diffusion times. At a given diffusion 


TABLE n. - DATA FOR COMPARISON OF CARRIER GASES USING PgOg AS PHOSPHORUS SOURCE 


Diffusion 

Carrier 

Measured 

Sheet 

Number 

Reverse 

Fill factor a 

0. 4-^m filter 

temperature, 

gas 

time, 

conductance, 

of cells 

leakage 


current, a 

°c 


‘in’ 

ff s- 


range, 


1(0.4), 



min 

squares/ohm 


l R’ 


mA 






mA 



900 

Oxygen 

2 

6. lxlO' 3 

2 

116 to 122 


(3.89)3.92,3.86 



2 

7.6 

2 

184 to 300 

(54. 5)48. 5,61. 1 

(3.72)3.60,3.84 



3 

10.9 

3 

1 to 234 

(65.7)60.9,66.9,69.2 

(3.67)3.77,3.67,3.57 



5 

18.2 

3 

34 to 150 

(71.0)70. 8,71.1 

(2.70)2.68,2.68,275 

900 

Nitrogen 

2 

13.1X10" 3 

1 

25 

74. 5 

3.25 



3 

16.6 

1 

25 

75.7 

2.77 



5 

19. 5 

1 

3 

75. 9 

2.44 

900 

Forming 

2 

14. 5xl0~ 3 

1 

54 

74.6 

3. 10 



3 

16. 1 



6 

73.6 

2.69 



5 

19. 5 



3 

74.6 

2.60 



10 

24.7 



3 

75.0 

1.94 


a Where more than one cell Is available, average used in fig. 10 or 11 is presented in parentheses. 


time, nitrogen and forming gas produce higher sheet conductances than oxygen. When 
the silicon oxide forms on the wafer surface, the phosphorus trapped in it can no longer 
contribute to diffused- layer sheet conduction. This leads to a lower effective surface 
concentration of phosphorus. With oxygen present, the silicon surface is oxidized faster 
than when the other carrier gases are used. 

In figure 10, the 0. 4-micrometer filter current is plotted against the sheet conduct- 
ance for P 2 0 5 diffusions at 900° C and with the three carrier gases. No significant dif- 
ferences are observed between these three sets of data as to magnitude of the currents 
or to the slope of the dependence on a . 

In figure 11, the fill factors of these cells are plotted against sheet conductance. The 
oxygen data show a drop in fill factor at low sheet conductance, as was observed in 


18 





40 


4 


1 I I I ! 1 I I ! I 1 -3 

8 12 16 20 24 28xlO _:5 

Sheet conductance, o s ; squares/ohm 

Figure 11. - Fill factor as function of sheet conductance for P 2 O 5 at 900° C. 


figures 5 to 7. Since it was not practical to use PgOg diffusion for times shorter than 
2 minutes, it was not possible to obtain nitrogen or forming gas cells with sheet con- 
ductance as low as that with oxygen. 

From the limited data, it is not possible to determine whether or not oxygen pro- 
duces lower fill factors than the other two carrier gases. 
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SUMMARY OF RESULTS 


A study was made of the effects of varying the diffusion time, temperature, phos- 
phorus source, and carrier gas in the fabrication of shallow-junction n-on-p silicon so- 
lar cells. The effects were measured in terms of the 0. 4-micrometer (blue) response, 
the fill factor, and the reverse leakage of these cells. The following results were ob- 
tained: 

1. In the phosphorus diffusion temperature range of 800° to 1000° C, the blue re- 
sponse was related to the junction depth of the diffused n-layer, as measured in terms of 
sheet conductance. 

_3 

2. The blue response decreased at sheet conductance values lower than 5x10 
square per ohm. 

3. The fill factor decreased as the sheet conductance decreased. The fill factor de- 
creased more slowly at the lower diffusion temperatures. The fill factor approached a 
limit of about 7 5 percent for high sheet conductance. Degradation of the fill factor at 
low sheet conductance appeared to correlate with the onset of high reverse leakage. For 
diffusion temperatures above 900° C, the fill factor degradation began at a higher sheet 
conductance. 

4. The fill factor had a greater diffusion temperature dependence than did the blue 
response. 

5. When high blue response is important, the sheet conductance should be less than 
10xl0 - ^ square per ohm. However, the diffusion temperature should be below 900° C to 
minimize the loss of the fill factor. 

6. In applications where radiation stability is not a prime objective, solar cells 

_ 3 

with sheet conductance above 10x10 square per ohm (and, therefore, with a low blue 
response) will result in less sensitivity of fill factor to diffusion conditions and higher 
yields of low-reverse-leakage solar cells. 

7. At 800° C, cells fabricated with phosphorus pentoxide (P2O5) had generally higher 
blue responses and fill factors in the low sheet conductance range than did cells made 
with phosphorus oxychloride (POClg). No significant differences were observed for dif- 
fusion temperatures above 800° C. 

8. No significant difference in blue response or fill factor was observed between 
cells diffused with PgO^ in oxygen, nitrogen, or forming gas to the same value of sheet 
conductance. 

9. For a given diffusion time, forming gas and nitrogen produced higher sheet con- 
ductance values than oxygen. 
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10. Cells made by diffusing elemental phosphorus in forming gas had higher reverse 
current leakages than cells diffused with PgOg and POClg * n oxygen when compared for 
very shallow junctions. In addition, sheet conductance values were less reproducible 
than those for P 2 °5 and POC1 3 diffusions in oxygen. 

Lewis Research Center, 

National Aeronautics and Space Administration, 

Cleveland, Ohio, October 29, 1969, 

120-33. 
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APPENDIX - SYMBOLS 


C(X) 


c(O) 

D 

erfc(X/2 V5t) 


N„ 


N. 


q 

R 


*T 


t 

X 


B 


a 


M n 

Mp 


concentration of phosphorus at distance X from surface of silicon 
3 

wafer, atoms/cm 

O 

concentration of phosphorus at surface of silicon wafer, atoms/cm 

2 

diffusion coefficient of phosphorus in silicon, cm /sec 
complimentary error function, X/2 \/Dt 

o 

current coefficient of bulk region, mA/cra 

2 

current coefficient of diffused region, mA/cm 

current collected by solar cell due to light of absorption coefficient a, 
mA/cm^ 

concentration of free electrons 
concentration of free holes 
electric charge on an electron, C 

2 

flux of photons at distance X into cell, number/(cm )(sec) 

total number of photons absorbed in cell per area and time, 
number/(cm )(sec) 

diffusion time, sec 
thickness of solar cell, cm 

distance of p-n junction from illuminated surface of solar cell, cm 
absorption coefficient of light of given wavelength in silicon, cm - * 
mobility of electrons in n-type silicon, cm /(V)(sec) 
mobility of holes in n-type silicon, cm /(V)(sec) 
sheet conductance, squares/ohm 
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